Background-Bronchioloalveolar carcinoma (BAC), a subtype of non-small cell lung cancer (NSCLC), is a difficult disease to treat with low response rates with cytotoxic chemotherapy. Bortezomib, a proteasome inhibitor, has demonstrated objective responses in BAC patients in early phase clinical trials. We conducted a phase II study of bortezomib inpatients with advanced stage BAC.
Introduction
Bronchioloalveolar carcinoma (BAC) is a sub-type of adenocarcinoma of the lung that is characterized by unique biology and clinical behavior. According to the World Health Organization classification (1999), it is defined as 'an adenocarcinoma with a pure bronchioloalveolar growth pattern without evidence of stromal, vascular or pleural invasion' 1 . BAC accounts for approximately 3-4% of all lung cancers 2 . In addition, 10-15% of patients with adenocarcinoma of the lung have BAC features when evaluated under microscopy. In recent years, the incidence of BAC appears to be on the rise 3 . Compared to other subtypes of NSCLC, a greater proportion of women and never-smokers present with BAC 4 .
Despite the favorable prognosis for patients with BAC compared to invasive adenocarcinoma, responsiveness to standard cytotoxic chemotherapy has been poor 5 . Two phase II studies of paclitaxel as therapy for advanced BAC reported low response rates and modest survival 6, 7 . Recently, the use of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKI), gefitinib and erlotinib have resulted in a somewhat higher response rate and improvement in survival for patients with advanced BAC. In a phase II study by the Southwest Oncology Group, gefitinib was associated with a response rate of 17% and a median survival of 13 months in patients with advanced BAC, better than historical results for chemotherapy alone. Similar results were noted in another phase II study with gefitinib for patients with advanced BAC 8 . The response rate in that trial was 13% and the median survival was 13.2 months. Erlotinib has also demonstrated modest anti-cancer effects in a phase II study for patients with advanced BAC 9 . In particular, patients with an activating EGFR mutation had a very high response rate of 83% with erlotinib. Cetuximab, a monoclonal antibody against EGFR, was evaluated as monotherapy for BAC in a phase II study by the Eastern Cooperative Oncology Group (ECOG 1504) 10 . Despite a low response rate, the median time-to-progression and overall survival were approximately 4 months and 13 months respectively. Although these studies have demonstrated a role for EGFR inhibitors for the treatment of BAC, the benefit in wild type tumors is modest at best. There is a clear need to develop other agents for the treatment of this disease, given the poor prognosis for advanced BAC.
Bortezomib is a small molecule proteasome inhibitor that has been approved by the United States Food and Drug Administration for the treatment of refractory multiple myeloma and refractory or relapsed mantle cell lymphoma. Clinical data suggests that it is active in the treatment of NSCLC with a single agent response rate of approximately 10% 11 . Bortezomib has also demonstrated similar modest efficacy when given in combination with various chemotherapeutic agents in patients with advanced stage NSCLC [11] [12] [13] . Furthermore, objective responses to bortezomib in BAC patients have been anecdotally reported in case reports as well as in the initial phase I trials of this agent 14, 15, 16 . Based on these observations, we conducted a phase II study to formally evaluate the efficacy of bortezomib in patients with advanced BAC.
Though the approved schedule of bortezomib involves intravenous administration on days 1, 4, 8 and 11 every 3 weeks, we pursued a weekly regimen for this study, to minimize patient inconvenience and toxicity. The weekly schedule has been studied by Papandreou et al and was associated with promising efficacy and good tolerability in patients with advanced prostate cancer 17 . With a dose of 1.6 mg/m 2 , the desired biological effects were noted in peripheral blood mononuclear cells and in tumor biopsies. The weekly schedule has also been found to have comparable efficacy and a favorable safety profile in patients with multiple myeloma 18 .
Patients and methods
The primary objective of this phase II study was to determine the objective response rate with bortezomib in patients with advanced BAC. Secondary objectives included determination of overall survival, progression-free survival, toxicity and the safety of bortezomib administered on a weekly schedule.
Inclusion criteria
Patients with histologically confirmed stage IIIB/IV BAC or adenocarcinoma with BAC features were eligible. Other salient inclusion factors were presence of measurable disease, age > 18 years, Eastern Cooperative Oncology Group (ECOG) performance status of 0, 1 or 2, and life expectancy greater than 3 months. Absolute neutrophil count (ANC) ≥ 1500/μL, platelet count ≥ 100,000/μL, total serum bilirubin within institutional normal limits, and serum hepatic transaminases level ≤ 2.5 times institutional upper limit of normal were required for eligibility. For patients with an elevated serum creatinine level, the creatinine clearance had to be ≥ 60 mL/min/1.73 m 2 . Patients could have received one prior chemotherapy regimen. Prior treatment with an epidermal growth factor receptor (EGFR) inhibitor was allowed. A minimum of three-week interval from prior chemotherapy and a 2week interval from prior EGFR inhibitor therapy were required for study initiation. Patients with unstable or untreated brain metastasis, prior therapy with bortezomib, grade 2 or greater neuropathy, serious uncontrolled co-morbid illness and history of another advanced cancer were excluded. Pregnant or lactating women were not included. All patients were required to sign a written informed consent. This open-label, multi-center study included participation from academic institutions in four NCI-sponsored phase II consortia and their community partners. The clinical trial protocol was approved by the respective Institutional Review Boards of all participating institutions.
Treatment and assessment
Bortezomib was administered intravenously over 3 to 5 seconds at a dose of 1.6 mg/m 2 on days 1 and 8 of each 21-day cycle. Treatment was continued until disease progression, development of unacceptable toxicity or patient decision to withdraw from the study. Patients were required to have an ANC of > 1500/μL and platelet count of 100,000/μL before initiation of each new cycle of treatment. On day 8, the ANC and platelet counts had to be above 1000/μL and 75,000/μL, in which case the patient was given the same dose of bortezomib as on day 1. If the counts were either 500-999/μL and/or 50,000-75,000/μL respectively, the dose was reduced by 0.3 mg/m 2 . If the ANC and/or platelet counts were less than 500/L and 50,000/L, day 8 therapy was held and the patient was re-evaluated the following week for drug administration. If the dose of bortezomib was reduced on day 8 for two consecutive cycles, then the day 1 dose was also reduced for all subsequent cycles by 0.3 mg/m 2 . The dose of bortezomib was also reduced for grade 1 peripheral neuropathy with pain or grade 2 by 0.3 mg/m 2 and held for grade 3 until resolution to grade 1 or less. Bortezomib was to be discontinued permanently if patient developed grade 4 neuropathy. For all other drug-related grade 3 or 4 toxicities, bortezomib was held until resolution to grade 1 or less and subsequently restarted with a dose reduction. All appropriate supportive care measures were allowed in the event of non-hematological toxicities. A maximum of two dose reductions were allowed per patient.
Study evaluations
Patients underwent a physical examination, assessment of height, weight, vital signs and performance status at baseline and at the initiation of each new cycle of therapy. Serum chemistry studies and complete blood count (CBC) with differential were performed at baseline and before each cycle. CBC with differential count was also evaluated once a week throughout the study. CT scans were done at baseline and every 2 cycles of therapy to assess response. Toxicity was graded by the National Cancer Institute Common Terminology Criteria version 3.0. Tumor responses were assessed by RECIST criteria 19 .
Statistical methods
The primary endpoint of the study was to determine the objective response rate with bortezomib in patients with advanced BAC. A response rate of 20% was considered to be of interest, and a response rate of less than 5% would result in accepting the null hypothesis. The Simon's optimal two-stage design was utilized with 12 patients enrolled to the first stage. One or more responses were required for the study to proceed to full accrual. It was originally designed to include a cohort of patients with prior EGFR tyrosine kinase inhibitor therapy and another cohort of EGFR inhibitor naïve patients. This required a total sample size of 74 patients. Since accrual was slower than anticipated, it was determined that a sample size of 37 patients would provide a 90% probability of recommending against further development if the response rate was 5% or less and a 54% of chance of stopping early. The trial closed after accruing a total of 42 patients.
Results

Patient characteristics
Forty-two patients were enrolled to the study between June 2005 and June 2009. The median age was 68 years and approximately 50% of the patients were women. All patients had an ECOG performance status of either 0 or 1 ( Table 1 ). The majority of the patients had adenocarcinoma with BAC features or BAC with adenocarcinoma features. Twenty-six patients had received prior treatment with an EGFR inhibitor. Of twenty-two patients for whom the smoking history was available, 8 were never-smokers. Fourteen patients received prior therapy with platinum-based regimens, while the others received single agent chemotherapy or non-platinum combinations. Among patients who received an EGFR inhibitor, 7, 16 and 3 had been treated with gefitinib, erlotinib and cetuximab respectively.
Treatment delivery and toxicity
The median number of cycles of bortezomib was four. Patients who had not received prior EGFR inhibitor therapy received a higher number of cycles of bortezomib (4.5 vs. 2.5, P = 0.12). Treatment was tolerated well and there were no treatment-related deaths. Two patients experienced treatment-related grade 4 toxicity of elevated serum bilirubin and seizures respectively ( Table 2) . Grade 3 diarrhea, fatigue and pain were noted in 3, 5 and 2 patients respectively. Twenty eight patients discontinued therapy due to disease progression. Only five patients discontinued treatment due to treatment-related toxicity.
Efficacy
A pre-planned interim analysis was conducted after 12 patients were enrolled in each in the two cohorts. One partial response was noted in each cohort. This met the criteria to proceed to full accrual. Of the 42 patients who were enrolled in total, two patients had a confirmed partial response. Two additional responses were noted, but were not subsequently confirmed. A female patient that had progressed on prior EGFR inhibitor therapy experienced a partial response and received 22 cycles of therapy. Her disease remained under control for an additional 96 weeks. The second response occurred in a male who received a total of 29 cycles of therapy. Another patient with a partial response to bortezomib chose to switch to erlotinib therapy after only 3 cycles and was on follow up for over 100 weeks without progression. Disease stabilization was noted in 24 patients (57%). Among patients with prior EGFR inhibitor therapy, 1 had a partial response and 12 had stable disease. Sequential tumor measurements from 33 out of 42 patients are illustrated in figure 1 as a waterfall plot. The median PFS and overall survival were 5.5 months and 13.6 months respectively. In the cohort of patients with prior EGFR inhibitor therapy, the median PFS and overall survival were 2.3 months and 21 months respectively. For patients without prior therapy with an EGFR inhibitor, the median PFS and OS were 6.5 months and 13.6 months respectively.
Discussion
BAC often presents as ground-glass opacities on radiographic studies and is treated with surgical resection in patients with localized disease. However, in many patients it presents as multi-focal disease or metastatic disease that is not amenable to local therapy. In such instances, systemic therapy is the mainstay of treatment. EGFR TKIs have demonstrated modest activity in the treatment of BAC. In addition, targeting the external domain of the EGFR with a monoclonal antibody also appears to be associated with modest efficacy in patients with advanced BAC. Regardless of the extent of initial sensitivity to EGFR inhibitors, majority of the patients experience disease progression in less than 5 months and require subsequent therapies. The reasons behind the sensitivity of BAC to EGFR inhibitors could be linked to the higher prevalence of EGFR mutation in this patient population.
The present study documented modest anti-cancer activity with bortezomib in patients with advanced stage BAC or adenocarcinoma with BAC features. Interestingly, anti-cancer activity appeared to be similar between patients that received prior EGFR inhibitor and those that did not. Given the fact that patients with BAC do not appear to derive robust benefits with chemotherapy, bortezomib might be considered a reasonable alternative therapeutic option. However, our study is limited by a small sample size and the lack of a comparator "control" arm. It must be noted that a standard "control" treatment arm has not yet been defined for BAC at the time of study design. We also relied on institutional pathologic evaluations with regards to the BAC diagnosis as we did not perform a central pathology review. Only one of the three studies reported to date with EGFR inhibitors for the treatment of BAC had central verification of pathology to confirm the diagnosis. The relatively long survival duration observed in some sub-groups of patients despite a short PFS, also illustrates the distinctly different disease course among patients with BAC. This longer survival is more likely to represent indolent disease biology rather than a drug-effect.
Despite the increasing incidence of BAC and the recognition of its limited responsiveness to chemotherapy, patients with BAC continue to be treated along similar lines as other histological subtypes of NSCLC. In many instances, BAC is under-recognized possibly due to the lack of adequate tumor sample in the original diagnostic biopsy. In recent years, histology has become an important factor for selection of both chemotherapy and targeted therapy for patients with NSCLC 20 . This has necessitated obtaining core biopsies instead of fine needle aspiration biopsies and has also placed a stronger emphasis on identifying the histological sub-type. This could help with the identification of patients with BAC and thus improve accrual of the patients to studies specific to BAC. The new pathological classification of adenocarcinoma could also help in the identification of patients with BAC features 21 .
Bortezomib has been studied extensively in patients with advanced NSCLC as either monotherapy, and in combination with chemotherapy in the first and second line settings. Though it is active as a single agent with response rate of approximately 10%, there has been no evidence of robust synergy with chemotherapy in these studies. As a result, this agent has not been developed further in NSCLC. However, a number of newer proteasome inhibitors with improved pharmacokinetic properties and favorable toxicity profile are under clinical and pre-clinical development 22 . The results of our study suggest that BAC could be an important area for study for these newer agents.
In addition, pre-clinical studies have documented enhanced anti-cancer effects when a proteasome inhibitor was combined with EGFR inhibitors in H358 cells, a bronchioloalveolar cell line 23 . A randomized phase II study conducted in an unselected group of patients with advanced NSCLC with the combination of bortezomib and erlotinib failed to demonstrate robust efficacy 24 . Only one of the 57 patients enrolled to this study had pure BAC histology. Therefore, evaluation of the combination of erlotinib and bortezomib in patients with advanced BAC might be a potential avenue to build upon the findings of our study.
In conclusion, given the lack of proven therapies for BAC, the modest efficacy data from our study support the use of bortezomib as a potential therapeutic option, particularly after progression with an EGFR inhibitor. The identification of specific pathways that play a dominant oncogenic role in patients with BAC will help guide the development of specific, individualized treatment options. Waterfall plot of anti-tumor activity
